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Abstract
Copper films with thickness ȝP were deposited by electron beam evaporation on slightly oxidized silicon substrates. Ti and Al 
metals were used as adhesion or barrier layers. XRD was used to detect the microstructure related to the resistivity after 
annealing in N2 gas. The scratch characterization of Cu films was also investigated using a scratch indenter of radius of 2.5 ȝP.
Results revealed that the resistivity decreases, but scratch resistance increases after annealing. The contact stiffness (dP/dh) of as-
deposited  film was estimated to be 170 ǘ103 N/m. The loading curve of annealing samples could be described using a linear 
relationship between the load P and the square of the depth (P=Ch2, C=17.5 GPa).
© 2013 The Authors. Published by Elsevier Ltd.
Selection and peer-review under responsibility of the National Tsing Hua University, Department of Power Mechanical 
Engineering.
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1. Introduction
Thin layer of copper film on Si substrate is an important structure in electronic industry. The thin film multilayer 
substrates are used in multichip module and electronic packaging applications [1]. In general, Cu does not bond well 
to the dielectric, it leads to adhesion and agglomeration problems, when a high current density is passed through the 
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Cu line. Hence, it is necessary to use a thin metal layer to serve as an adhesion promoter as well as diffusion barrier 
between Cu and the dielectric layer. In addition, in order to maintain stability of the microstructure of the multilayer 
at high temperatures, interdiffusion as well as interface phase transformation should be minimized.
The scratch test is a simple and widely used method for investigating adhesion in thin films [2]. Scratch testing 
has been used recently to probe the tribological properties of multilayered materials [3]. In this study, we have
investigated the microstructure, resistivity and scratch characterization of Cu films after heat treatment. The 
evolution of the friction coefficient, contact stiffness, loading curve and the ratio of elastic to plastic deformation
were discussed.
2. Experimental Details
Copper films were deposited in an electron beam evaporation system with a pure Cu source material. No external 
substrate heating was used. However, it is estimated that the substrates may have been oxidized to a thickness of 100 
nm in the vicinity of 25 °C. An in-situ quartz crystal oscillator was used to monitor the film thickness. Ti and Al 
metals were used as adhesion or barrier layers with a thickness of 0.3 ȝm. These Cu films (5 ȝm ) were annealed in 
an atmosphere of high purity grade N2 gas at two different temperatures -200 °C and 300 °C, for 60 min. The sheet 
resistance of Cu films was measured by a four-point probe.
Scratch testing was carried out on using a Universal Nanomechanical (UNAT, ASMEC GmbH, Germany) with a
Rockwell C diamond indenter of radius of 2.5 ȝP7KH load can be increased at a specified loading rate 13.45 mN/s.
A progressive load from 0 to 700 mN was applied with a scratch length of 45 ȝm and the scratch speed of 0.86 ȝm/s.
The microstructure and surface morphology of the films were observed using field emission scanning electron 
microscopy (FESEM) (Hitachi S-4300). XRD was utilized to investigate the contents of each element in the films.
3. Results and Discussion
3.1. Resistivity Variation
Figure 1 shows the resistivity of the Cu-Al and Cu-Ti films before and after heat treatment. The resistivity of the 
films for both cases decreased with increasing heat treatment temperature. As-deposited films showed the resistivity 
ranging from 0.012 to 0.013 ȍ/square, while the resistivity of the films ranged from 0.0117 to 0.0103 ȍ/square after
200°C (N2) annealing. However, the resistivity of the films decreased by almost one order of magnitude after 300°C
(N2) annealing. This change in the resistivity with respect to the treated temperature was very closely related to
changes in the microstructure. The improved electrical property was due to grain growth. 
Fig. 1. Resistivity variation of films.
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In Fig. 2(a), the XRD spectra from the N2 gas annealed Cu-Al films show that the Cu(111) peak intensity increases 
and Cu(200) become sharper with anneal temperatures. The new Cu4O3 (211) phase was observed after 300°C (N2)
annealing sample. This is an indication of grain growth and oxidization. In Fig. 2(b), the XRD spectra from the N2
gas annealed Cu-Ti films show that both the CuTi3(103) and CuO(111) peak intensity increase, but Cu(200) does not 
become sharper with anneal temperatures. The intermixing of Ti into the Cu is found in the as-deposited film.
Fig. 2. X-ray diffraction spectra for the Cu-Al film (a) and Cu-Ti film (b) samples.
3.2. Scratch measurement
In scratch tests, the friction coefficient was defined by the ratio of “tangential force divided by the applied normal 
load” which corresponds to the apparent friction coefficient. The observed evolution of the friction coefficient with 
increased normal load is shown in Fig. 3(a) and 3(b). The coefficient of friction (COF) of annealed samples is larger 
than as deposited one, indicating that grain growth by annealing treatment can enhance scratch resistance. An 
average value ranging from 0.452 to 0.473 can be achieved with 200°C (N2)-annealed samples for both Al and Ti-
containing films. The friction coefficients of the 300°C (N2)-annealed samples are slightly lower than those of the 
200°C (N2)-annealed films. The magnitudes of features in the first fracture were different for the as-deposited and 
annealed films at loads close to 408 mN and 70 mN, respectively.
Fig. 3. Friction response in a progressive load test.
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A similar behaviour is observed in the Cu-Ti films annealed samples, although the first fracture event takes place 
at a slightly higher scratch distance and at a larger normal load of 425 mN. The loads of first fracture of the 300°C
(N2)-annealed samples are relatively higher than those of the 200°C (N2)-annealed films. Table 1 and Table 2 show 
the first fracture load and the coefficient of friction results of Cu-Ti films and Cu-Al films, respectively.
Table 1. Scratch measurement of Cu-Ti films
As deposited 200°C (N2)    300°C (N2)
COF of max. 0.429                  0.552 0.524
COF of average 0.316                0.452 0.423
Lateral displacement of the 
first fracture  (ȝm)
27.622                3.869    3.794
Load of the first fracture  
(mN)
425.14                69.969    82.394
Table 2. Scratch measurement of Cu-Al films
As deposited    200°C (N2)    300°C (N2)
COF of max. 0.485                  0.554 0.524
COF of average 0.323                  0.473 0.43
Lateral displacement of the 
first fracture  (ȝm)
26.025                3.855    3.839
Load  of the first fracture  
(mN)
407.72                69.996    82.704
Fig. 4(a) and 4(b) show the maximum depth under load (hmax) and maximum depth under load (he) for both all Al 
and Ti-containing annealed samples. For Cu-Al films, the as-deposited, the 200°C (N2)-annealed samples and 
annealing (300°C) (N2) samples, the ratios of the residual depth (hmax-he) to the maximum depth (hmax) were 
estimated to be 0.323, 0.168 and 0.204, respectively. It indicates that the as-deposited films capable of sustaining 
larger amounts of plastic deformation than those of annealing samples. The maximum plastic deformation in Fig.
4(a) and 4(b) occurred almost same as the maximum depth under load for 200°C (N2)-annealed samples. However,
the annealed samples (300°C) (N2) revealed a slightly different depth.
Fig. 4. Illustration of the maximum depths  under loading and after loading for (a) Cu-Al film and (b) Cu-Ti film.
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The typical response of scratch depth under a progressive load is shown in Fig. 5(a) and 5(b). It can be found that 
the load is proportional to the square of the depth (p=Ch2) for the annealing sample [4]. The proportional constant is 
to be 17.5 GPa for the annealing Cu-Ti films. For the as-deposited film, the load is no longer proportional to the 
square of the depth, but approximately proportional to depth. The contact stiffness (dP/dh) was estimated to be at a 
value of 170 ǘ103 N/m. Joslin and Oliver [5] proposed that the contact stiffness could be related to the resistance of 
plastic penetration. A similar behaviour is observed in the Cu-Al films annealed samples. Table 3 shows the contact
stiffness of as-deposited and the proportional constants of annealing films.
Fig. 5. The typical response of scratch depth in a progressive load test.
Table 3. Contact stiffness and C (P=Ch2) of films
As deposited    200°C (N2) 300°C (N2)
Contact stiffness of Cu-Ti film (ǘ103N/m) 170.46       - -
Contact stiffness of Cu-Al film (ǘ103N/m)         167.52          - -
C (P=Ch2) of Cu-Ti film  (GPa)                 -       17.53 17.02
C (P=Ch2) of Cu-Al film  (GPa)                          -       17.97 17.69
4. Conclusion
Copper films were deposited in an electron beam evaporation system with a Ti (Al) barrier layer and annealed in 
N2 gas. Scratch testing was carried out on using a progressive loading device with a Rockwell C indenter of radius 
RIȝP,WZDVIRXQGWKDWWKHGLIIHUHQWWHPSHUDWXUHDQQHDOLQJDIIHFWHGERWKthe resistivity and scratch resistance.
Compared with as-deposited samples, the annealed ones exhibited not only higher COF, but also more influence 
from loading of the first fracture, due to grain growth. From the scratch testing, the mechanical characterization of 
thin film systems can be extracted.
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